External beam radiation therapy is essential in the management of a wide spectrum of musculoskeletal conditions, both benign and malignant, including bony and soft-tissue sarcomas, metastatic tumors, pigmented villonodular synovitis, and heterotopic ossification. Radiation therapy, in combination with surgery, helps reduce the functional loss from cancer resections. Although the field of radiation therapy is firmly rooted in physics and radiation biology, its indications and delivery methods are rapidly evolving. External beam radiation therapy mainly comes in the form of four sources of radiotherapy: protons, photons, electrons, and neutrons. Each type of energy has a unique role in treating various pathologies; however, these energy types also have their own distinctive limitations and morbidities.
xternal beam radiation therapy (RT) is essential to the management of orthopaedic neoplasia. Its use has evolved as our understanding of cancer biology has developed. The physics of RT, radiobiology, and delivery methods is paramount to understanding the therapeutic uses and limitations of radiation in orthopaedics. The ultimate goal of RT is to provide an adequate dose of radiation to achieve local tumor control while minimizing local normal tissue complications.
Physics of Radiation Therapy
The physics behind RT rests in the creation of ionizing radiation, or energy strong enough to displace an orbiting electron from its nucleus. Energy can be particulate, as with protons, electrons, neutrons, and heavy ions, or electromagnetic, as with photons in x-rays or gamma rays. 1, 2 These particles can then directly or indirectly cause damage to the DNA structure of a cell ( Figure 1 ).
Indirectly, an electron dislodged by a photon will ionize a water molecule to produce a hydroxyl radical, a free radical that will then damage the DNA. In the direct mechanism, a dislodged electron directly causes damage to the DNA structure. The deposition of energy and injury is a random event, with the same proportion of cells damaged per dose. The damage to the DNA molecule may cause either a single-or a double-strand helical break, which can lead to chromosomal aberration and subsequently apoptosis, carcinogenesis, or mutagenesis. Double-stranded breaks are the most lethal to cells. Radiosensitivity of tissue is highest in those tissues with a high mitotic index and lowest in differentiated tissues. Cells tend to be more radiosensitive when they have a high metabolic rate and when they are of a nonspecialized type, such as epithelium, hematopoietic tissues, and germinal cells (ie, ovary, testes). The cell is most susceptible while in the G2 phase of the cell cycle. 2 
Electromagnetic Radiation
Electromagnetic radiation follows the inverse square law, in which the intensity of the beam is inversely related to the square of the distance away from the radiation source. When these high-energy photons move through matter, the photons pass their energy to an orbiting electron. When the photon is absorbed, one of three interactions occurs: the photoelectric effect, the Compton effect, or pair production. In the photoelectric effect, a photon strikes the electron and transfers all of its energy to the electron, which ionizes other surrounding atoms. The Compton effect occurs, for example, in the manner that a cue ball hits a billiard ball. A photon strikes an electron, and both are deflected. Both the photon and electron can then go on to interact with other atoms. This type of reaction dominates in cancer therapeutics. In pair production, the photon interacts with the nucleus of an atom to produce a positron-electron pair, which will then go on to be biologically active.
A limitation of photon therapy is that energy is deposited at a distance beyond the distal edge of the tumor and region at risk for microscopic disease, which increases the chances for local tissue complications. Thus, it is technically more difficult to precisely target a tumor that is surrounding important structures because the tolerance of these adjacent critical structures may be less than the dose we would like to prescribe to the target; compromises in dose need to be made to minimize the risk of damage to these adjacent critical structures. As noted in the QUANTEC (Quantitative Analyses of Normal Tissue Effects in the Clinic) study, 3 native tissues have a varying sensitivity to radiation, with many critical structures having a documented, well-established dose and volume limitation for radiation exposure.
Particulate Radiation
Electrons are small, electronically negative particles that can be accelerated nearly to the speed of light with high-energy linear accelerators. They are especially useful in treating superficial tumors up to a depth of 5 cm as well as areas once treated with photon beam therapy 1 ( Table 1 ). The absorption of electrons increases as they pass through air, and it decreases as they pass through bone.
Protons are positively charged particles that are approximately 2,000 times heavier than electrons. Currently there is much interest in the utilization of photons, mostly for the reduction (approximately 60%) in total radiation dose to regions of the patient that are outside the targeted treatment region. 4 As protons penetrate tissue, they slowly begin to degrade by depositing energy. At a critical threshold, there is a very large deposition of energy called the Bragg peak, followed by an abrupt fall-off of dose. The Bragg peak can be targeted precisely to the tumor depth and contour; it is responsible for the biologic effectiveness of the proton and favorable dose Illustration demonstrating the direct and indirect action of photons on the DNA structure. In the indirect mechanism, an electron dislodged by a photon ionizes a water molecule to produce a free radical, which will damage the DNA. In the direct mechanism, a dislodged electron directly causes damage to the DNA structure.
distribution. The main advantage is that there is no exit dose, thus significantly decreasing the integral dose to the patient for a comparable conformal photon plan. Currently, the application of protons is restricted to the relatively few domestic treatment centers available offering proton-based therapy. Protons are valuable in the management of pediatric tumors (where limiting dose to uninvolved tissues is critical to avoid the risk of second malignancy); for radioresistant tumors, such as chondrosarcoma, in locations where photons cannot achieve as high a dose without increased risk of damaging normal organs ( Figure 2) ; and in the retreatment of previously irradiated tissues. The depth-dose curve for each particle is important in understanding each particle's biologic effect, clinical utility, and limitations ( Figure 3 ). With photons, the energy that trails distally from the tumor bed can cause damage to surrounding healthy tissue. By contrast, protons have a sharp peak by which their energy dissipates. This is useful because it spares tissue that is farther away from the radiation source than the tumor.
Fractionation and the Four R's
Fractionation is the division of the total dose of radiation over multiple sessions. This treatment method, important to photon therapy, is based on the radiobiological principles of the so-called four R's: repair of cellular damage, reoxygenation of the tumor, redistribution within the cell cycle, and repopulation of cells. With smaller doses of radiation, both the normal and tumor cells are exposed to sublethal damage, which damages but does not kill cells. Whereas most healthy tissue can repair itself within 3 to 24 hours, some tumor cells lack the ability to repair as quickly and thus are more susceptible to further doses of radiation. Tumor areas have low oxygen tension due to temporary vessel constriction from mass effect, and tumors may have outgrown their native blood supply. Hypoxic cells are more resilient to radiation because an environment without oxygen has less potential for the creation of free radicals. Radiation doses may shrink the tumor, allowing hypoxic cells to receive more oxygen; therefore, radiation may produce more free radicals during treatment. 5 Cells hit with one dose of radiation are usually in a radioresistant phase of the cell cycle. Allowing time in between doses allows for redistribution to other, more sensitive phases of the cell cycle. Rapidly and slowly growing tumors initially have exponential growth until they plateau. When a tumor mass is shrunk by radiation, its cells undergo rapid repopulation at a more accelerated growth rate. Because some rapidly dividing cells are potentially more radiosensitive, they may be more likely to be killed with the next radiation dose.
Soft-tissue Sarcoma
External beam radiation plays a role in the treatment of a variety of primary orthopaedic tumors. Historically, RT has played a role in the local control of selected primary malignant bone tumors, such as Ewing sarcoma and primary lymphoma of bone, and as an adjuvant therapy for soft-tissue sarcomas. Recent dramatic advances in chemotherapeutic and immunologic agents have improved survival rates, thereby expanding the role of RT in various orthopaedic neoplasms. RT is useful for many pathologies, including soft-tissue sarcoma, Ewing sarcoma, giant cell tumor, metastatic disease, desmoid tumor, primary bone lymphoma, pigmented villonodular synovitis, and heterotopic ossification. For purposes of brevity, the more common orthopaedic applications of external beam RT, including soft-tissue sarcomas, bony metastases, primary bone lymphoma, and heterotopic ossification, will be discussed here. Soft-tissue sarcomas of the extremities are often locally and systemically aggressive. Treatment requires local tumor control, usually with limb salvage. Most cases require complete surgical resection along with radiation, sometimes combined with chemotherapy. Soft-tissue sarcomas are surgically challenging because they often invade normal tissue next to the gross tumor. Thus, excision must be performed with wide, negative margins to decrease the risk of local recurrence. 6 The creation of wide margins often results in significant morbidity to the local tissue, compromising limb function and cosmesis. Wide margins often require resection of the neurovascular bundle or bone. An alternative is conservative surgical excision, combining wide and marginal margins by the neurovascular bundle, with adjuvant, local RT. However, RT is not without complications, most notably the risk of late secondary malignancy and the risk of local wound, osseous, and soft-tissue compromise. Rosenberg et al 7 have shown that RT at doses of 50 to 65 Gy with wide surgical margins is as effective as radical resection at eliminating microscopic tumor extension beyond the gross lesion. Specifically, the combination of limb-sparing surgery and RT for soft-tissue sarcomas has been shown to have a similar rate of disease-free and overall survival compared with that of patients undergoing amputation (disease-free survival, 71% and 78% at 5 years, and overall survival, 83% and 88% at 5 years, respectively), 7 with the benefit of a functional limb. Local control rates up to 90% have been reported following combination treatment with margin-negative limb-sparing surgery and RT for high-grade sarcomas, and up to 100% following treatment of low-grade soft-tissue sarcomas. [6] [7] [8] [9] [10] [11] Finally, multimodal therapy has also been shown to have a beneficial effect on overall survival of patients with metastatic soft-tissue sarcoma compared with patients treated with single-modality treatments. 12 
Radiation and Surgery for Sarcoma
Radiation combined with surgery is used for most soft-tissue sarcomas, [13] [14] [15] especially large tumors deep to the fascia close to critical structures, such as nerves, arteries, veins, and bone. Enneking et al 16, 17 described the growth of the sarcoma as "centrifugal." As the cancer progresses, an interface, known as a pseudocapsule, develops between the tumor and the surrounding normal structures. It differs from a true capsule because it is contaminated with cancer cells. Islands or pseudopods of tumor extend into this fibrovascular reactive zone, and thus the tumor is not truly encapsulated by a dense fibrotic rim. Any surgical procedure that removes the tumor and passes through this reactive zone (marginal margin) will leave microscopic tumor behind.
Enneking et al 16, 17 also defined four surgical margins. An intralesional margin occurs when the surgical procedure enters into the cancer, thus leaving gross tumor in the surgical bed. A marginal margin passes through the reactive zone around the tumor and will likely leave microscopic tumor behind. A wide margin removes the cancer with a cuff of normal tissue completely encircling the tumor. Conceptually, a wide margin will remove the pseudocapsule and microscopic cancer cells; it represents the benchmark of most soft-tissue sarcoma operations. Finally, a radical margin, rarely used, is the removal of the cancer along with the muscular compartment from origin to insertion. An intra-articular sarcoma requires removal of the joint en bloc. Similarly, sarcomas with extensive disease involvement encasing nearby neurovascular structures may also need to be removed via radical resection.
Adequacy of tumor margin resection is significantly associated with local relapse, whereas the size of the tumor is associated with the risk of systemic disease. 18 Other prognostic factors include age .60 years, extracompartmental location, high histologic grade, and location in the lower extremity. 19 When a soft-tissue sarcoma is irradiated, predictably the tumor will become truly marginated. Rather than a pseudocapsule surrounding the tumor, a fibrotic margin is created after the irradiation. 20 Radiation will make a wide/ marginal margin adequate under some circumstances.
Most surgeons who use preoperative RT will try to achieve a wide margin around most of the cancer and will accept a marginal margin by nerves, arteries, and veins for that part of the surgical dissection. Combining preoperative RT and surgery, even with a mixed wide/marginal margin, achieves local control comparable to that of an amputation. The incidence of local recurrence is 5% to 10% when radiation is combined with surgery in a limb-salvage technique. 21 This number is comparable to what would be achieved with amputation. Not all soft-tissue sarcomas require RT, including some low-grade tumors with negative margins; however, treatment is dependent on many factors and must be individualized. 22 Yang et al 23 performed a prospective, randomized clinical trial in patients with high-grade lesions who underwent surgery plus postoperative chemotherapy, with or without postoperative adjuvant RT, and in patients with low-grade lesions who underwent surgery, with or without postoperative adjuvant RT. At 10 years postoperative, the authors found no local recurrences in the high-grade RT group compared with a 22% local recurrence rate in patients who had not undergone RT; similar results were found in the low-grade group (4% with RT versus 33% without RT). Of note, RT did not have an effect on overall survival in any of the groups. 23 
Preoperative and Postoperative Radiation Therapy
The timing of RT in soft-tissue sarcoma is also under debate. [13] [14] [15] One advantage of preoperative RT is that there exists a "defined target" that is more distinct than a postoperative bed; therefore, less normal tissue is irradiated. In addition, preoperative RT can cause tumor shrinkage, depending on the cancer type. Preoperative RT will cause variable amounts of tumor necrosis and will predictably marginate the tumor. Although a paucity of data exists on this specific topic, one prospective randomized trial by Davis et al 13 did report on the functional and health status outcomes of 190 patients with extremity soft-tissue sarcomas who underwent preoperative versus postoperative RT. Despite the fact that patients in the postoperative group had better functional outcomes at 6 weeks, there was no difference with regard to local recurrence, overall survival, or functional outcome at later time points. Furthermore, patients whose tumors exhibited certain characteristics (eg, larger lower extremity, motor nerve damage) and who had wound complications had significantly worse functional outcomes. 13 In patients with soft-tissue sarcomas with positive margins following preoperative RT followed by surgical excisions, a postoperative radiation boost (typically, 16 Gy postoperatively) did not provide any increased local recurrence survival compared with similar patients not given a boost. 24 Interestingly, while wound complications are noted more often in the preoperative group, these are typically reversible. In contrast, in postoperative RT patients, irreversible local soft-tissue complications are more frequently encountered. Of note, tumor proximity to the skin surface (,3 cm) is an independent risk factor for major wound complications following preoperative RT and surgery. 25 These complications can be minimized with the use of durable muscle flaps covering the tumor bed and radiation field ( Table 2) .
In a randomized trial conducted by O'Sullivan et al 14 that compared preoperative to postoperative RT in patients with soft-tissue sarcomas, preoperative RT was associated with a greater risk of wound complications. Overall survival was significantly improved in preoperative RT patients compared with postoperative RT patients. Preoperative RT requires lower overall doses and smaller overall field sizes compared with postoperative RT, which may be related to the late toxicity and thus worse functional outcomes associated with higher doses of RT required when therapy is given postoperatively.
Optimal Radiation Therapy Treatment Volume
Ideally, radiation treatments aim to avoid inclusion of the entire joint space, a full dose to adjacent bone, and irradiation of adjacent normal tissue outside what is deemed an appropriate margin. The unique biology of sarcomas must be taken into account because sarcomas typically infiltrate along tissue planes as opposed to through tissue planes. 26 Recently, the Radiation Therapy Oncology Group reported that the clinical target volume (CTV) for high-grade soft-tissue sarcomas includes the gross tumor volume (GTV) plus 3-cm margins in longitudinal directions. If these margins force the field of treatment beyond the compartment, the field can be shortened to include the end of the compartment. 26 This group has also noted that most cases using a CTV of 2 cm (defined as 2 cm longitudinal and 1-cm radial margins) or a CTV of 3 cm (defined as 3 cm longitudinal and 1.5-cm radial margins) contain peritumoral edema, in 97% and 99.8% of cases, respectively. 27 This finding is important when considering the proposed RT target volume because peritumoral edema may contain sarcoma cells that may be missed with a smaller CTV. The use of advanced imaging, including T1-and T2-weighted MRI sequences with gadolinium, has advanced the ability of radiation oncologists to specify the CTV of radiation needed to achieve good local control rates.
Radiation Protocol
Preoperative radiation doses are typically 50 Gy delivered over 5 weeks, followed 3 to 5 weeks later by surgical resection. When surgery produces a margin-free resection, postoperative radiation boosts are usually unnecessary. If surgical margins are positive, postoperative boost doses of 16 to 18 Gy to the tumor bed, following adequate healing of the surgical wound, are commonly used, although the data supporting the use of postoperative boost treatment are inconsistent. 24 In patients undergoing postoperative RT, treatment usually begins 3 to 4 weeks following resection to allow seroma resorption and wound healing. The CTV includes the entire surgical bed and large margins, often 4 cm longitudinally and 1.5 to 2 cm radially. 26, 27 The recommended postoperative dose is controversial, with most studies reporting doses between 50 and 68 Gy. 18, [28] [29] [30] [31] Accepted postoperative RT doses include 60 Gy for patients with negative margins and 66 to 68 Gy in patients with positive margins. 8 
Metastatic Disease
External beam radiation for metastatic disease is typically used for the purpose of pain control rather than for primary treatment of the disease. In cases of long bone metastatic disease, surgical intervention to stabilize the extremity before the application of external beam RT may be indicated. This is especially true in the setting of known pathologic fractures, as well as with pending pathologic fractures in weight-bearing bones. Typically, external beam RT with a single-fraction dose of 8 Gy is used to provide palliative relief from bone metastases, with rates as high as 60% reported in the literature. 32 Multiple trials have demonstrated improved pain relief and better cost effectiveness with this regimen compared with a longer regimen of fractionated doses or with lower single-time doses. 33, 34 Of note, pain relief and treatmentrelated toxicity ramifications were similar in each of these trials comparing single fractions of 8 Gy to multiple fractions of lower doses with a high cumulative dose (up to 20 to 30 Gy); however, a minority of patients receiving single fractions did require repeat treatment at an increased rate compared with the multiple-fraction patients. 33, 34 Some patients may experience a transient increase in bone pain immediately after treatment, which lasts for 1 or 2 days. 35 Although in most patients, these symptoms are temporary and of no significance, these patients should be monitored closely, and clinicians must evaluate for the possibility of low-energy trauma leading to pathologic fractures.
Primary Lymphoma of Bone
Primary bone lymphoma accounts for approximately 3% to 5% of all malignant bone tumors, and overall, it accounts for ,1% of all non-Hodgkin lymphomas. 36 Histologically, the most common subtype of primary bone lymphoma is diffuse large B cell lymphoma, responsible for up to 70% of cases. Treatment of primary bone lymphoma most often includes a combination of multi-agent chemotherapy and radiotherapy. 37 Surgery is reserved only for the treatment of pending or existing pathologic fractures. Currently, there is no agreed-upon benchmark for the treatment of primary lymphoma of bone. Furthermore, with recent advances in the development of immunologic agents, some studies have shown high rates of complete response following chemotherapy without adjuvant RT. 36 
Heterotopic Ossification Prophylaxis
Heterotopic ossification (HO) is the process of bone formation in soft tissue outside the skeleton. Although uncommon, the development of HO after total hip arthroplasty, and less commonly after total knee arthroplasty or intra-articular elbow surgery, can be devastating. The triggering factor initiating the development of HO remains unknown, but once the process is started, primitive mesenchymal stem cells differentiate into osteoprogenitor cells, which ultimately form osteoblasts. Osteoid matrix begins to form in these tissues, which ultimately calcifies into lamellar bone. This process typically occurs within 16 hours of the index operation, with maximal stimulus for bone formation at 32 hours postoperatively. Thus, prophylactic strategies to counteract the development of HO are most beneficial preoperatively or within the first 24 to 48 hours postoperatively. Interestingly, HO typically remodels and increases in mass size over the first year to 2 years postoperatively as osteoblastic activity continues to occur while the host soft tissue matures. Because there is a high recurrence rate after resection, the key to treatment is prevention, especially in high-risk patients such as those with a prior history of HO. HO prophylaxis is typically done either with the use of NSAIDs or with external beam radiation. Commonly used protocols include postoperative, single-dose regimens of 600 to 800 Gy performed by postoperative day 3 as well as preoperative, singledose regimens of 800 Gy performed within 6 hours before surgery. It is thought that the external beam radiation disrupts the ability of the mesenchymal cells to differentiate, thereby decreasing the production of osteoblasts and HO formation. Recent literature has shown promising results with external beam RT; however, equally acceptable results have also been found with NSAID treatment for HO prophylaxis in the hip. 39 Complications associated with immediate postoperative radiation for HO prophylaxis are not inconsequential, as noted by a recent randomized trial analyzing RT used for HO prophylaxis after elbow trauma that was cut short following an unacceptably high rate of nonunion in the treatment group (single-dose radiation) compared with that of the control group (no radiation). 40 
Complications Associated With Radiation Therapy
As overall long-term survival rates improve, presumably as a result of better chemotherapy regimens and advances in surgical techniques, late sequelae of RT, 41 including wound complications, secondary malignancies, limb-length discrepancy, joint contractures, and pathologic fractures, are becoming increasingly prevalent.
Overall, RT for local control of softtissue sarcoma must be considered carefully, and treatment decisions must be individualized. Secondary malignant neoplasms following RT are typically aggressive sarcomas, whereas chemotherapy is more often associated with the late development of hematologic malignancies. The reported incidence of secondary malignancies following the treatment of soft-tissue sarcoma is inconsistent; however, some authors have suggested an overall incidence of 20%, with higher rates in patients who had undergone RT (relative risk, 2.7) as part of their treatment program. 42 Expendable bones, such as the rib, fibula, scapula, External Beam Radiation Therapy for Orthopaedic Pathology anterior arch of the pelvis, and wing of the ileum, are generally resected without radiation when margins are negative. The risk of long bone fracture is increased if the periosteum is removed, and intramedullary rod fixation should be considered. Long bone diaphyses and joints can be resected, but reconstruction is necessary.
The development of a second, radiation-induced sarcoma following RT typically occurs within the prior radiation field 43 and is not limited to RT at high doses because even lowdose exposure has been shown to be associated with the development of secondary malignancies. 44 Importantly, the risk of developing a future bone sarcoma as well as soft-tissue sarcoma is increased after childhood exposure to high-dose fractionated radiation, including doses $10 Gy. 44 This risk has been shown to increase linearly, up through doses of 40 Gy. 44 As demonstrated in multiple publications describing the development of soft-tissue sarcomas in survivors of atomic bomb explosions, even lower doses of RT, including exposures of 1 Gy, when sustained at any age, place patients at risk for the development of a future sarcoma. 45 Even more worrisome is the recent evidence that suggests that radiationassociated soft-tissue sarcomas have an inferior prognosis compared with sarcomas not related to prior radiation exposure. 46 Specifically, Gladdy et al 46 conducted a multivariate analysis of 7,649 patients with softtissue sarcomas, 130 of which were associated with prior RT, and found that regardless of sarcoma histology, disease-specific survival was significantly worse in the radiationassociated group. Certainly, given the worsening prognosis of radiationinduced secondary sarcomas, caution is warranted when recommending and administering RT, and a multidisciplinary approach, explaining the risks, benefits, and alternatives to treatment, is warranted in each case.
Future Directions
Much research has gone into developing the means to both plan and deliver large, precise doses of radiation to a specific area. Intensitymodulated RT is a highly advanced, precise way to deliver radiation to a desired location. Each radiation beam is shaped with computercontrolled beams to fit the profile of the individual tumor. The shaping, or collimation, of the beam is performed by a multileaf collimator, which modulates the flux of the beam per length. This allows greater sparing of normal tissue and critical structures from the high-dose region. A tradeoff does exist in that large volumes of tissue do receive a low level of radiation. This inherently increases the risk for secondary malignancies.
Another frontier technology is imageguided radiation therapy, in which a tumor is imaged with a CT scanner immediately before radiation, such that the patient's position or computer radiation parameters can be adjusted to reduce interfractional set-up variability. Normally, skin markers are used for positioning. However, this does not take into account positions of the internal target or other healthy tissue structures. 47 This RT hopes to improve accuracy while reducing exposure to normal tissue. 48 Combining preoperative radiation with chemotherapy for soft-tissue sarcoma is increasingly popular. To minimize complications, the timing of these treatments is critical. Finally, recent advances in our understanding of tumor biology may affect the treatment of soft-tissue sarcomas in the future, especially as our understanding of specific radiosensitizers and radioprotectors improves. 49 
Conclusion
Combined with new ways to image and minimize collateral damage, RT is evolving rapidly. With advancements in our ability to manipulate radiation to treat musculoskeletal pathology, the hope is to increase the quality of life and disease-free survival for thousands of patients. Although sarcoma was used as our cancer paradigm, other types of cancers will undoubtedly benefit from the advancements in radiation oncology.
